Introduction {#h0.0}
============

Fatal pulmonary epizootics of influenza have been observed previously in seal populations, including outbreaks of H7N7 in 1979 to 1980 ([@B1], [@B2]), H4N5 in 1983 ([@B3]) and H4N5 and H3N3 in 1991 to 1992 ([@B4]). Such outbreaks are significant not just because of the detriment they pose to animal health but because influenza in mammals can act as a source for human pandemics ([@B5]).

In a \<4-month period beginning in September 2011, 162 harbor seals (*Phoca vitulina*) were found dead or moribund along the New England coast. This number is approximately four times the expected mortality for this period. Most of the affected individuals were less than 6 months old, and common causes of death (including malnourishment) were ruled out. Five of the affected animals were investigated to identify a causative agent, and here we demonstrate that avian influenza virus subtype H3N8 was responsible for the observed clinical and pathological signs in these animals. Unlike any previous outbreak in seals, this H3N8 virus has naturally acquired mutations that reflect adaptation to mammalian hosts and that are known to increase virulence and transmissibility in avian H5N1 viruses infecting mammals. The virus has further acquired the ability to use the SAα-2,6 receptor commonly found in the respiratory tracts of mammals, including humans. The existence of a transmissible and pathogenic influenza is of obvious public concern.

RESULTS AND DISCUSSION {#h1}
======================

Five animals were submitted for anatomical and microbiological analysis. All were collected from the peak of the outbreak (late September to October) and had pneumonia and ulcerations of the skin and oral mucosa ([Fig. 1](#fig1){ref-type="fig"}). Nucleic acids extracted from lung, trachea, liver, kidney, thoracic lymph node, mesenteric lymph node, spleen, skin lesion, and oral mucosa were tested by PCR for the presence of a wide range of pathogens, including herpesviruses, poxviruses, adenoviruses, polyomaviruses, caliciviruses, paramyxoviruses, astroviruses, enteroviruses, flaviviruses, rhabdoviruses, orbiviruses, and influenza viruses. Influenza A virus was detected in several tissues from all five animals, and PCR cloning and sequencing of genes for hemagglutinin (HA) and neuraminidase (NA) revealed the subtype to be H3N8, a subtype typically associated with infection of avian, equine, and canine hosts ([@B6][@B7][@B8]). Influenza virus was isolated from the allantoic fluid of specific-pathogen-free (SPF) eggs inoculated with homogenates of PCR-positive tissues, including lung, lymph nodes, tonsil, and kidney, and all isolates were reconfirmed to be H3N8. In accord with conventional nomenclature, the virus is provisionally named A/harbor seal/Massachusetts/1/2011.

![Hematoxylin and eosin staining of the lung at a ×10 magnification. There is diffuse acute interstitial pneumonia and a mix of acute hemorrhagic alveolitis with necrotizing bronchitis. Multifocally, alveoli are either filled with hemorrhage and scant inflammatory cells or expanded with emphysema. There is irregularity to the bronchial mucosa due to necrosis, a mild to moderate edema, and mucous partially filling the bronchial lumen. There is mild to moderate expansion of the interlobular septa, with edema and hemorrhage.](mbo0041213040001){#fig1}

*In situ* hybridization (ISH) using oligonucleotide probes for influenza virus H3N8 segments 4 (HA) and 7 (matrix) and immunohistochemistry using polyclonal antibodies against H3N8 HA antigen confirmed the presence of influenza virus in lung, where signal was concentrated in the bronchiole epithelium and mucosa of the pulmonary parenchyma ([Fig. 2](#fig2){ref-type="fig"} and see [Fig. S1](#figS1){ref-type="supplementary-material"} in the supplemental material). The average load of HA and NA RNAs in lung was 300 copies/100 ng of extracted RNA. ISH staining in nonrespiratory tissues was limited to sporadic infection of single cells in intestine, kidney, and lymph node, and the average HA/NA RNA load was five copies/100 ng. These results are consistent with the histological observation that the main site of viral replication is the respiratory tract. Cellular morphology and terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL) consistent with apoptosis was observed in virus-infected pulmonary epithelial cells ([Fig. 3](#fig3){ref-type="fig"}). TUNEL staining also revealed the widespread presence of apoptotic cells in areas where no virus was observed but not in negative-control tissue, suggesting an additional host-mediated response to the infection.

![(A and B) Fluorescent *in situ* hybridization (ISH) of H3N8 virus-infected seal cells with DAPI counterstaining. A probe targeting the viral hemagglutinin demonstrates diffuse infection of the bronchial mucosal epithelium. ISH was also performed using probes for the matrix gene. Staining was identical to that shown here for HA. (C and D) Lectin staining to demonstrate the distribution of SAα-2,3 and SAα-2,6 in seal pulmonary parenchyma. The SAα-2,6 (green) was detected using fluorescein-labeled *Sambucus nigra* agglutinin (SNA) lectin, while SAα-2,3 (red) was detected using *Maackia amurensis* II (MAL II) lectin. Both infected and uninfected control tissues were stained, and the results were consistent for both. High levels of SAα-2,6 are observed on bronchiole and alveolar epithelial cells and on endothelial cells. The images in panels C and D were selected because they show staining for both sialic acids; however, the expression of SAα-2,3 was rarely observed (arrows) and limited to bronchiole luminal (C) and occasional alveolar (D) epithelia. (E and F) Costaining of SAα-2,6 and H3N8 HA. SAα-2,6 (green) is expressed on the respiratory epithelium of an intrapulmonary bronchus (E). H3N8 virus-infected cells (red) are present. A serial section was also stained for SAα-2,3, and none was detected. A high-magnification image of infected mucosa clearly shows H3N8 virus infection of cells expressing SAα-2,6 (arrows). All composite images are presented separately (single stains) in [Fig. S1 to S3](#fig1 fig2 fig3){ref-type="fig"}.](mbo0041213040002){#fig2}

![(A) Immunohistochemistry (IHC) of seal bronchus. Polyclonal antibodies were raised against H3N8 virus-specific HA antigen. Brown staining (DAB reporter system) indicates the presence of viral antigen. There is irregularity of the mucosal surface, with sloughed epithelium. IHC demonstrates the presence of viral antigen, pyknosis, and apoptosis (arrows). No viral antigen or apoptosis was seen on negative-control tissue. (Bi) ISH staining of H3N8 virus in lung epithelium (HA probe). (Bii) TUNEL staining (green) in the same region (serial section) of the lung, showing the presence of apoptotic cells. Comparison of virus and TUNEL staining shows localization of apoptosis to virally infected cells. (Biii) DAPI (with dihydrochloride) staining for cell nuclei.](mbo0041213040003){#fig3}

Full-genome sequencing was completed following PCR cloning of all eight influenza genome segments directly from infected tissue. Sequences were submitted to GenBank and assigned accession numbers JQ433879 to JQ433882. Phylogenetic analyses of these nucleotide sequences with avian, canine, and equine H3N8 influenza virus genomes demonstrated the closest relationship to a virus identified in North American waterfowl in all 8 segments ([Fig. 4](#fig4){ref-type="fig"}). These data are consistent with the recent transmission of the H3N8 virus from wild birds to seals. The closest avian relative, A/blue-winged teal/Ohio/926/2002, had an overall 96.07% nucleotide sequence identity across the genome (Hamming distance), with no individual segment having less than 94% identity. This level of similarity across all segments with an isolate separated by a span of 10 years suggests that this virus has been circulating in the aquatic bird populations since at least 2002.

![Phylogenetic trees of representative influenza H3N8 genome segments. Nucleotide sequence alignments for all genome segments were created using ClustalW, and trees were produced using neighbor-joining, maximum-likelihood, and Bayesian algorithms. Models of evolution were selected using ModelTest, and a tree was selected based on a consensus of the results of the three algorithms. Only the trees for HA and NA are shown; however, all eight segments showed strong association with sequences of avian origin. Trees are constructed with H3N8 viruses only, and published sequences were selected to represent variation in the year, host, and location of isolation. \*, A/blue-winged teal/Ohio/926/2002; NY, New York; LA, Louisiana.](mbo0041213040004){#fig4}

A total of 37 amino acid substitutions separate the seal H3N8 and avian H3N8 viruses, which are summarized in [Table 1](#tab1){ref-type="table"}. The corresponding amino acids found in other seal influenza viruses, in the canine and equine H3N8 viruses, and in selected human influenza viruses are included for comparison. Of these, mutations PB2-701N and HA-260M are shared exclusively by the seal and mammalian (canine/equine) H3N8 viruses, while mutations NA-399R, PB2-382V, and PA-184N are shared by the seal H3N8 and human H3N2 viruses, all of which suggests adaptation to mammalian hosts. Mutations PB2-60N, PB2-376R, PB1-174I, PB1-309G, PB1-359G, PB1-376V, PB1-377G, PB1-464E, NP-63V, NP-128G, and NP-296H are all exclusively found in the seal H3N8 virus ([Table 1](#tab1){ref-type="table"}). Future studies will be required to assess the functional significance of many of these mutations, especially in seal H3N8 PB1, where a significant number of exclusive mutations were observed. Given the importance of PB1 in viral replication, it is probable that these mutations represent adaptive selection to accommodate host-specific differences in intracellular replication.

###### 

List of amino acid substitutions between seal H3N8 and avian H3N8 viruses*^[*a*](#ngtab1.1)^*

  -----------------------------------------------------------------------------------------------------------
  Segment (protein)   nt\        aa\         Amino acid substitution                                      
                      position   position                                                                 
  ------------------- ---------- ----------- ------------------------- --- --- ------ --- --- --- --- --- ---
  1 (PB2)             178        60          N                         D   D   D      D   D   D   D   D   D

                      441        147         M                         I   I   I      I   V   V   I   I   T

                      1127       376         R                         K   K   K      K   K   K   K   K   K

                      1144       382         V                         I   I   I      I   I   I   V   I   I

                      2101       701         N                         D   D   D      D   N   N   D   D   D

  2 (PB1)             522        174         I                         M   M   M      M   M   M   M   M   M

                      925        309         G                         W   W   W      W   W   W   W   W   W

                      1075       359         G                         S   S   S      S   S   S   S   S   S

                      1126       376         V                         I   I   I      I   I   I   I   I   I

                      1130       377         G                         D   D   D      D   D   D   D   D   D

                      1392       464         E                         D   D   D      D   D   D   D   D   D

  3 (PA)              253        85          A                         T   T   T      T   T   T   T   T   I

                      551        184         N                         S   S   S      S   S   S   N   S   S

                      794        265         L                         P   P   T      P   P   P   P   P   P

  4 (HA)              242        81 (65)     K                         T   G   D      T   T   T   T   S   N

                      323        108 (92)    S                         N   E   T      N   S   N   K   N   S

                      329        110 (94)    S                         F   S   V      F   F   F   Y   E   D

                      452        151 (135)   E                         G   A   K      G   R   R   T   V   V

                      527        176 (160)   V                         A   A   A      A   S   S   K   L   S

                      713        238 (222)   L                         W   Q   W      W   W   L   R   K   K

                      778        260 (244)   M                         V   T   V      V   M   M   L   I   T

                      802        268 (252)   V                         I   I   I      I   V   V   I   I   V

                      859        287 (271)   N                         D   D   A      D   D   D   D   N   D

                      1114       372         K                         Q   Q   Q      Q   Q   Q   Q   Q   Q

                      1247       416         L                         S   T   E      S   S   S   S   N   N

  5 (NP)              187        63          V                         I   I   I      I   I   I   I   I   I

                      383        128         G                         D   D   D      D   D   D   D   D   D

                      886        296         H                         Y   Y   Y      Y   Y   Y   Y   Y   Y

                      1336       446         G                         R   R   R      R   R   R   R   K   R

  6 (NA)              440        147         E                         V   I   None   I   V   I   V   V   I

                      849        283         D                         E   N   None   D   E   E   Y   T   S

                      937        313         R                         G   Q   None   G   G   G   S   G   G

                      958        320         S                         P   L   None   H   P   P   V   F   F

                      1186       396         D                         N   N   None   N   N   D   R   I   I

                      1195       399         R                         W   W   None   W   W   W   R   W   W

                      1295       432         A                         E   A   None   N   E   E   E   R   K

  8 (NS1/NS2)         263        88          H                         R   R   R      R   R   R   R   R   R
  -----------------------------------------------------------------------------------------------------------

A total of 40 amino acid substitutions were observed in a comparison of seal H3N8 virus with avian H3N8 virus. Sequences of other seal influenza viruses, canine and equine H3N8 viruses, and selected human influenza viruses were included for comparison. Amino acid positions presented in parentheses represent corresponding H3 numbering. None, no sequence available for comparison; nt, nucleotide; aa, amino acid.

The seal H3N8 genome was interrogated for any genetic features that might contribute to enhanced transmissibility and virulence in seals. Expression of a second peptide (PB1-F2) from segment 2 has been associated with an increase in pathogenicity by inducing apoptosis and increasing both inflammation and secondary bacterial pneumonia ([@B9], [@B10]). The seal H3N8 virus contains an intact open reading frame for the pathogenic version of this accessory protein, which includes a serine at amino acid position 66 ([@B9]). All five seals had evidence of apoptosis and secondary bacterial pneumonia.

Glycosylation can also affect pathogenicity in influenza viruses ([@B11][@B12; @B13][@B14]). Six potential glycosylation sites were detected in the seal H3N8 HA, based on the sequence X~−2~X~−1~NX(S/T) X~+1~, at amino acid positions 24, 38, 54, 181, 301, and 499. None had features suggestive of inactivity or reduced efficiency, as was previously demonstrated for H5N2 ([@B12]). Many H5N1 viruses have an additional glycosylation site at positions 158 to 160, and previous work demonstrated that the deletion of this site is critical for H5N1 viruses to bind to human-SAα2,6-like receptors and to transmit between mammals ([@B15]). This glycosylation site is missing in the seal H3N8 HA.

In order to investigate the specificity of sialic acid binding, the seal virus was compared to avian H5 and swine H9, both of which bind to the sialyloligosaccharide SAα2,3 ligand in a structural-homology model ([Fig. 5](#fig5){ref-type="fig"}). All structures confirmed the presence of a highly conserved serine at position 152 (corresponding to S136 by H3 numbering \[16, 17\]), which lies in a binding pocket, where its hydroxyl group contacts the axial carboxylate of sialic acid ([@B17]). While the seal virus contains the same conserved S152, it also harbors a neighboring G151E mutation ([Table 1](#tab1){ref-type="table"}), which introduces a large residue capable of both donating and receiving hydrogen bonds with residues in close proximity to the ligand-binding pocket. Rotamer hydrogen bond analysis of the modeled seal structure indicates that HA's altered conformation results in reduced hydrogen bonding between the conserved serine and SAα2,3 compared to that of H5 and H9 influenza viruses. Such changes in sialic acid binding play important roles in novel host adaptation ([@B18]).

![Structural-homology model showing the interaction of influenza HA with the SAα2,3 ligand. Seal H3 (gray), avian H5 (orange) (Protein Data Bank \[PDB\] accession number 1JSO), and swine H9 (pink) (PDB accession number 1JSH) were compared. The mutation G151E causes a conformational shift and interrupts H bonding between seal H3 S152 and SAα2,3, which suggests a reduction in SAα2,3 binding efficiency. A lost H bond in seal H3 is depicted in green.](mbo0041213040005){#fig5}

Mutations at positions 226 and 228 (H3 numbering) in the H3 HA can also affect receptor-binding preferences and can either completely abrogate (Q226L) or reduce (G228S) affinity for the avian-preferred SAα-2,3 interaction ([@B18], [@B19]). Seal H3N8 virus maintains the avian phenotype at positions 226 (Q) and 228 (G), which correlates with a continued ability to use SAα-2,3. Together, these findings suggest that the seal virus may still be able to use SAα2,3, but perhaps with less efficiency than in its original avian host. Given this, we investigated whether seal H3N8 may have adapted and acquired an additional or increased affinity for the SAα-2,6 receptors that are more prevalent in mammalian respiratory tissue ([@B20][@B21; @B22][@B23]).

The pulmonary distribution of SAα-2,3 and SAα-2,6 influenza receptors was investigated using the receptor-specific lectins *Sambucus nigra* agglutinin (SNA) for SAα-2,6 and *Maackia amurensis* lectin II (MAL II) for SAα-2,3. SAα-2,6 was widely expressed in both infected and noninfected pulmonary parenchyma, with the highest concentration seen on endothelial cells, followed by alveolar/bronchiole epithelia ([Fig. 2](#fig2){ref-type="fig"} and see [Fig. S2](#figS2){ref-type="supplementary-material"} in the supplemental material). SAα-2,3 was also observed, but less frequently, and was generally limited to the luminal surfaces of epithelial cells of the bronchioles. This broadly agrees with the expression of these SA saccharides in humans and pigs ([@B20][@B21; @B22][@B23]) and demonstrates that seals do express receptors that would allow avian viruses to initiate infection. This observation is supported by the H3N3 seal virus from the 1991 epizootic ([@B4]), which was shown to preferentially bind SAα-2,3 *in vitro* ([@B19]). However, the limited prevalence of SAα-2,3 in the lower lung suggests that the process of infection is inefficient and may help to explain why epizootics of avian influenza occur but are infrequent in harbor seals.

Importantly, the rare expression of SAα-2,3 is insufficient to explain the diffuse infection seen throughout the pulmonary parenchyma ([Fig. 2](#fig2){ref-type="fig"}). In contrast, the wide distribution of SAα-2,6 is far more consistent with the level of infection observed. Costaining of infected lung with viral HA and SAα-2,3 or SAα-2,6 demonstrated clear infection of SAα-2,6-positive cells, in which no SAα-2,3 was seen ([Fig. 2](#fig2){ref-type="fig"} and S3).

Hemagglutination assays were also performed to confirm sialic acid binding preferences. Seal H3N8 isolates were first sequenced to confirm that passage in eggs had not altered the HA phenotype detected in the infected tissues, and the viruses were then tested for their ability to agglutinate erythrocytes that preferentially express SAα-2,3 (horse) or SAα-2,6 (guinea pig, pig) ([@B24], [@B25]), relative to several avian H3N8 viruses ([Fig. 6](#fig6){ref-type="fig"}). Average agglutination titers for seal H3N8 virus with horse erythrocytes (1:48) show that the virus can still bind to SAα-2,3. However, titers were appreciably higher with guinea pig (1:192) and pig (1:144) erythrocytes, demonstrating a preference for SAα-2,6. These findings show that seal H3N8 can use both avian and mammalian receptors and add to previous studies that have demonstrated changes in receptor preferences following a host switch event ([@B26]). The patterns of SAα-2,3 and SAα-2,6 binding to seal H3N8 virus also agree with the patterns observed for H3 avian viruses adapting to humans ([@B18]).

![Hemagglutination assays were performed on an isolate of the H3N8 seal virus (A/harbor seal/New Hampshire/179629/2011) to confirm sialic acid binding preferences. Viruses were tested for their ability to agglutinate erythrocytes that preferentially express SAα-2,3 (horse) or SAα-2,6 (guinea pig, pig). Average agglutination titers for seal H3N8 with horse erythrocytes (1:48) show that the virus can still bind to SAα-2,3, though weakly. Titers were appreciably higher with guinea pig (1:192) and pig (1:144) erythrocytes, demonstrating a preference for SAα-2,6. Given that horse erythrocytes express SAα-2,3, it is interesting that the avian H3N8 viruses did not agglutinate with horse RBCs (red blood cells) efficiently, even following repeated attempts. Ito et al. ([@B25]) showed that avian H3N8 viruses from Asia in the early 1980s could bind to horse RBCs, while Wiriyarat et al. ([@B43]) gave examples of avian viruses (albeit not H3 viruses) that did not bind to horse RBCs. It is not known whether the avian viruses included here simply have a preference for the *N*-acetyl (NeuAc) sialic acid species, which is not found on horse RBCs, while the seal virus uses *N*-glycolyl (NeuGc) SAα-2,3. Ck, chicken; GP, guinea pig; Eq, equine; Sw, swine; 179629 Seal H3N8, A/harbor seal/New Hampshire/179629/2011; 53968 COEI H3N8, A/common eider/Massachusetts/20507-001/2007 (H3N8) virus; 16232 NOPI OR 06 H3N8, A/northern pintail/Oregon/44249-547/2006 (H3N8) virus; 52290 MALL WA 07 H3N8, A/mallard/Washington/44338-052/2007 (H3N8) virus; 93866 BWTE KS 08 H3N8, A/blue-winged teal/Kansas/44440-003/2008 (H3N8) virus; 96016 ABDU MA 07 H3N8, A/American black duck/Maine/44411-174/2008 (H3N8) virus; 96647 ABDU ME H3N8, A/American black duck/Maine/44411-532/2008 (H3N8) virus; Turkey Mn H5N2, A/turkey/Minnesota/3689-1551/1981 (H5N2) virus.](mbo0041213040006){#fig6}

A further mutation was observed in HA, this time at position 110 ([Table 1](#tab1){ref-type="table"}). In avian H3 viruses, phenylalanine (Phe/F) is consistently seen, while seal H3N8 uses Ser (F110S). The significance of this (if any) is currently unknown; however, previous work has suggested that this amino acid (position 110) is a critical component of the influenza fusion peptide ([@B27]), and given the essential role of fusion in viral replication and the host-specific differences that presumably exist in this process, the F110S substitution may well represent further adaption of this virus to mammalian replication.

The ability of avian influenza viruses to adapt to SAα-2,6-mediated cell entry and replication is regarded as a significant driving force in the emergence of global pandemics ([@B19], [@B28][@B29][@B30]), especially for viruses with phenotypes that confer increased virulence. Such phenotypes are often, though not exclusively, dictated by mutations in segment 1 (PB2), which is an important determinant of host range for influenza viruses. Previous studies have experimentally demonstrated the effect of various PB2 substitutions on virulence and transmissibility in mammalian hosts ([@B15], [@B31][@B32; @B33; @B34; @B35; @B36; @B37][@B38]), including the modification of the aspartic acid (D) avian phenotype to an asparagine (N) mammalian phenotype at amino acid 701 ([@B15], [@B31], [@B32], [@B36], [@B39], [@B40]). This D701N mutation has been experimentally introduced into an adapted version of the H7N7 seal influenza virus isolated in 1982 (1, 2) and was shown to increase the pathogenicity of the virus to mice ([@B32]).

The seal H3N8 virus from the 2011 outbreak has naturally acquired this D701N substitution ([Table 1](#tab1){ref-type="table"}), which was confirmed by clonal sequencing directly from infected tissue (50 clones/animal) to be the only phenotype present in all five animals. None of the previous outbreaks of influenza in seals showed this 701N phenotype, but it is consistently found in H3N8 viruses from horses and dogs, demonstrating further adaptation to replication in mammalian hosts. These observations raise significant concern about the virulence and transmission of this virus between mammals. Interestingly, analysis of HA sequences over the course of the outbreak show the introduction and maintenance of two nucleotide polymorphisms ([Table 2](#tab2){ref-type="table"}), and while this is insufficient to convincingly demonstrate seal-to-seal transmission, it leads us to postulate that mammalian spread might already have occurred.

###### 

Sequence analysis of the HA genes isolated from various tissues*^[*a*](#ngtab2.1)^*

  Animal    Sample    Date           Nucleotide at position:   
  --------- --------- -------------- ------------------------- ---
  278-Pv    Kidney    28 Sept 2011   C                         C
  286-Pv    Trachea   29 Sept 2011   C                         C
  Mes LN    C         C                                        
            Kidney                   C                         C
  295-Pv    Mes LN    3 Oct 2011     C                         C
  Lung      C         C                                        
  Tonsil    T         C                                        
  Kidney    T         A                                        
            Tonsil    3 Oct 2011     T                         A
  Trachea   T         A                                        
  Cerv LN   T         A                                        

Two polymorphisms were observed in HA at positions 1347 and 1499, relative to avian H3N8 sequence CY041887. Isolates from animals earlier in the outbreak showed C at position 1347 and C at position 1499. The variations C1347T and C1499A were observed in animal 295-Pv, in addition to the wild-type sequence. Animal 294-Pv showed only the variant genotype.

Together, the adaptations observed in A/harbor seal/Massachusetts/1/11 suggest that it may be able to persist within the seal population and evolve into a new clade within the H3N8 group, as happened with the canine and equine viruses. An additional concern is the potential zoonotic threat that this virus poses, as it has already acquired mutations in both PB2 and HA that are often, though perhaps not exclusively, regarded as prerequisites for pandemic spread ([@B19][@B20; @B21][@B23], [@B28], [@B30], [@B37]) and it is uncertain how any persistence of the virus in mammals may continue to alter its phenotype. A comparison of A/harbor seal/Massachusetts/1/11 with human H3N2 viruses revealed three substitutions that are already common to both seal H3N8 and human H3N2 viruses. These are NA-W399R, PB2-I382V, and PA-S184N ([Table 1](#tab1){ref-type="table"}). In all cases, these substitutions are shared by the seal H3N8 and human H3N2 viruses but are not found in influenza viruses isolated previously from seals, in avian, equine, or canine H3N8 viruses, or in either seasonal or pandemic H1N1 viruses. Further studies will be required to establish the functional significance of these substitutions; however, the natural epizootic emergence at this time of a pathogenic virus that can transmit between mammals, found in a species that can become infected with multiple influenza virus subtypes, must be considered a significant threat to both wildlife and public health.

MATERIALS AND METHODS {#h2}
=====================

Extractions, PCR, and sequencing. {#h2.1}
---------------------------------

RNA was extracted from all tissues using Trizol reagent, and cDNA was synthesized using Superscript III (Invitrogen) according to the manufacturer's instructions. PCR for the detection of influenza A virus was performed using primers FLUAV-M-U44 (GTCTTCTAACCGAGGTCGAAACG) and FLUAV-M-L287 (GCATTTTGGACAAAGCGTCTACG), to produce a 243-bp product of segment 7 (coding for matrix protein). For full-genome sequencing, full-length cDNAs were amplified for all eight influenza segments. Primers were designed to target terminal sequences for each segment, based on alignments of avian, canine, and equine H3N8 sequences from the Influenza Research Database (<http://www.fludb.org>). All PCRs were performed using fast-cycling chemistry (Qiagen), according to the manufacturer's instructions. Amplified products were cloned into the pGEM T-easy vector (Promega) and sent for commercial sequencing.

Virus isolation and intravenous pathogenicity index test. {#h2.2}
---------------------------------------------------------

Homogenates from PCR-positive tissues were inoculated into SPF embryonated chicken eggs, and virus growth was determined by PCR. Tissue homogenates were also used to infect the Vero and MDCK cell lines in the presence of trypsin. Virus isolates were sent to the National Veterinary Services Laboratory (Ames, IA), where the chicken intravenous pathogenicity index test was performed according to the OIE manual (41).

Molecular pathology. {#h2.3}
--------------------

Fluorescent *in situ* hybridization (FISH) was performed using the Quantigene ViewRNA ISH tissue assay (Affymetrix), according to the manufacturer's instructions. FISH conditions were optimized to include a 10-min boiling and 20-min protease treatment. Oligonucleotide probes were designed commercially by Affymetrix using sequences of HA and M (accession numbers JQ433879 and JQ433882, respectively). Immunohistochemistry (IHC) was performed by pretreating deparaffinized tissue sections with a 1:10 dilution of antigen retrieval solution (DAKO) for 20 min in a steamer. Samples were then washed three times in distilled water (dH~2~O), incubated in 3% hydrogen peroxide (in phosphate-buffered saline \[PBS\]) for 10 min, washed again twice in dH~2~O and once in PBS, and then blocked (10% normal goat serum, 0.1% bovine serum albumin \[BSA\]) for 20 min. Sections were treated with HA polyclonal H3N8 antibody (Novus Biologicals; catalogue number NBP1-46796) at a 1:250 dilution for 2 h at room temperature. Following three washes in PBS, sections were incubated in Signal Stain Boost IHC reagent (Cell Signaling; catalogue number 8112) for 30 min at room temperature. Sections were again washed three times in PBS, stained with 3,3-diaminobenzidine (DAB; Dako), and counterstained with hematoxylin. TUNEL staining was performed using the *in situ* cell death detection kit and fluorescein (Roche) with deparaffinization and protease treatment as described for the FISH protocol.

Simultaneous detection of SAα-2,3 and SAα-2,6 glycans. {#h2.4}
------------------------------------------------------

Deparaffinized tissue sections (5 µM) were blocked with 1× Carbo-Free solution (Vector Laboratories; catalogue number SP-5040) for 1 h at room temperature. Sections were then stained for SAα-2,6 using fluorescein SNA (Vector Laboratories; catalogue number FL-1301) at 10 µg/ml for 30 min at room temperature, and rinsed twice for 3 min each time in PBS. Sections were then reblocked in 1× Carbo-Free solution for 30 min, before being stained for SAα-2,3 with 10 µg/ml of biotinylated MAL II (Vector Laboratories; catalogue number B-1265) for 30 min at room temperature. The MAL II was poured off, and Texas Red streptavidin (Vector Laboratories; catalogue number SA-5006) was laid over the sections at 10 µg/ml for a further 30 min. Sections were rinsed twice for 3 min each time in PBS and mounted with Vectashield hard-set mounting solution with DAPI (4′,6-diamidine-2-phenylindole) counterstaining.

Hemagglutination assays. {#h2.5}
------------------------

Hemagglutination assays were performed according to the WHO diagnostic manual (42). Briefly, red blood cells (RBCs) from rooster chicken, guinea pig, horse, and pig were obtained from Lampire Biological Laboratories (Ottsville, PA). The RBCs were washed in PBS and resuspended to 0.5% (chicken) or 0.75% (guinea pig and pig). Equine RBCs were resuspended to 1% in PBS with 0.5% BSA ([@B43]). Viruses were diluted to 64 HA units using chicken red blood cells. Serial dilutions were then made, added to equal volumes of washed RBCs of each species, and incubated in U-bottom plates, with the exception of chicken RBCs, which were incubated in V-bottom plates. Reaction mixtures were incubated at room temperature for 1 h, with the exception of those with chicken RBCs, which were incubated for 30 min. The HA titer endpoint is the reciprocal of the highest dilution which causes complete hemagglutination. The seal H3N8 virus was compared with several avian H3N8 isolates, including A/common eider/Massachusetts/20507-001/2007 (H3N8), A/northern pintail/Oregon/44249-547/2006 (H3N8), A/mallard/Washington/44338-052/2007 (H3N8), A/blue-winged teal/Kansas/44440-003/2008 (H3N8), A/American black duck/Maine/44411-174/2008 (H3N8), and A/American black duck/Maine/44411-532/2008 (H3N8). An H5N2 virus was also included: A/turkey/Minnesota/3689-1551/1981 (H5N2) virus.

Sequence analysis. {#h2.6}
------------------

Nucleotide sequences were aligned using ClustalW. Phylogenetic trees were constructed using neighbor-joining, maximum-likelihood, and Bayesian algorithms. Models of evolution were selected using ModelTest, and a representative tree was selected based on a consensus of the results of the three algorithms. Published H3N8 sequences included in the analyses were selected to represent the diversity of year, host, and location of isolation.

Structural modeling. {#h2.7}
--------------------

To create a homology model of the seal 2012 outbreak HA sequence, 10 template models were selected based on their super-secondary structures, with use of the LOMETS meta-threading approach ([@B44], [@B45]). Continuous fragments excised from these templates were then reassembled into full-length models by replica exchange Monte Carlo simulations ([@B44]). *Ab initio* modeling of threaded unaligned regions was then used to complete the structure. Low free-energy states were subsequently identified through clustering of simulation decoys by the SPICKER near-native model selection algorithm ([@B46]). Chimera was utilized for structural analysis and visualization ([@B47]). Hydrogen bonding analysis was based on geometric criteria established through survey of small-molecule crystal systems and Dunbrack rotamer libraries ([@B48], [@B49]).

**Nucleotide sequence accession numbers.**

The sequences of all eight influenza genome segments were submitted to GenBank and assigned accession numbers JQ433879 to JQ433882.

SUPPLEMENTAL MATERIAL {#h3}
=====================

###### 

Fluorescent ISH of seal H3N8 with DAPI counterstaining. Images are at a ×10 magnification. (A and Bi) A hemagglutinin (HA) probe demonstrates diffuse hemagglutination of bronchial mucosal epithelium. (A and Bii) DAPI binding demonstrates blue nuclear counterstaining of all cells. (A and Biii) Localization of the HA probe reaction to bronchial epithelial cells. ISH was also performed using probes for the matrix gene. Staining was identical to that shown here for HA. Download [Figure S1, JPG file, 0.1 MB](/lookup/suppl/doi:10.1128/mBio.00166-12/-/DCSupplemental/mbo004121304sf01.jpg).

###### 

Figure S1, JPG file, 0.1 MB

###### 

Distribution of SAα-2,3 and SAα-2,6 in seal pulmonary parenchyma. SAα-2,6 (green) was detected using fluorescein-labeled SNA lectin, while SAα-2,3 (red) was detected using *Maackia amurensis* II (MAL II) lectin. Both infected and uninfected control tissues were stained, and the results were consistent for both. High levels of SAα-2,6 were observed on bronchiole (Ai to -iii) and alveolar (Biiii) epithelial cells and on endothelial cells. The images in panels A and B were selected because they show staining for both sialic acids; however, the expression of SAα-2,3 was rarely observed and limited to bronchiole luminal (A) and occasional alveolar (B) epithelia. Download [Figure S2, JPG file, 0.2 MB](/lookup/suppl/doi:10.1128/mBio.00166-12/-/DCSupplemental/mbo004121304sf02.jpg).
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Figure S2, JPG file, 0.2 MB

###### 

Costaining of SAα-2,6 and H3N8 HA. (Ai to -iii) SAα-2,6 is expressed on the respiratory epithelium of an intrapulmonary bronchus (green), and some cells are infected with H3N8 (red). (Bi to -iii) H3N8 virus infection of SAα-2,6-positive cells is clear. When the level of virus infection is low, SAα-2,6 is still present on the cell surface (arrow 1). As infection increases, SAα-2,6 is reduced, presumably cleaved by the viral NA (arrow 2). In heavily infected cells, SAα-2,6 is no longer detectable (arrow 3). These results demonstrate that the virus can infect SAα-2,6-positive cells. Staining for SAα-2,3 was also performed, but no expression was observed in these regions. Download [Figure S3, JPG file, 0.2 MB](/lookup/suppl/doi:10.1128/mBio.00166-12/-/DCSupplemental/mbo004121304sf03.jpg).
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Figure S3, JPG file, 0.2 MB
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